T
hermal energy delivered with a radiofrequency or laser device is routinely used during shoulder arthroscopy for débridement, coagulation, thermal capsulorrhaphy, or chondroplasty. When tissues are heated to ‡65°C, the heatlabile collagen cross-links are damaged, which causes collagen polypeptide chains to unwind and shorten. An inflammatory response with collagen fusion then occurs and is followed by a repair response with synovial hyperplasia and fibroblast proliferation 1 .
Thermal energy is commonly used in the medical field; however, there have been numerous complications associated with the use of thermal energy in orthopaedic surgery. Thermal capsulorrhaphy has been used for the treatment of shoulder instability but has been associated with a number of complications, including chondrolysis, recurrent instability, axillary nerve damage, and adhesive capsulitis [2] [3] [4] [5] [6] [7] . Because of these complications, the initial wave of enthusiasm for thermal capsulorrhaphy has subsided 6 .
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Thermal chondroplasty has the theoretical benefit of allowing cartilaginous defects to be débrided to a smooth surface without damaging adjacent unaffected cartilage. Turner et al. 8 and Kaplan and Uribe 9 reported that bipolar radiofrequency energy was safe for use on articular cartilage because there was no evidence of chondrocyte death. However, Lu et al. 10 and Edwards et al. 11 later demonstrated that bipolar energy was responsible for chondrocyte death and full-thickness cartilage loss following chondroplasty and cautioned against using radiofrequency energy to treat fibrillated cartilage. As a result of these findings, the enthusiasm for using thermal energy for chondroplasty has also subsided.
There is debate regarding the critical temperature that reduces chondrocyte viability. Voss et al. examined full-thickness cartilage explants from the humeral heads of sheep that were exposed to varying temperatures 12 . They concluded that there is a strong relationship between increasing temperature and cell death, with a sharp increase in chondrocyte death occurring between 50°C and 55°C. The percentage of viable cells decreased significantly for each increase in temperature after 45°C (p < 0.05). Kaplan and Uribe demonstrated that the acute response of osteoarthritic cartilage to treatment at 55°C was a decrease in cell viability of 10% at thirty seconds, 40% at one minute, and 50% at three minutes 9 . Although some controversy exists, it is clear that there is a decrease in cell viability at 45°C and most radiofrequency devices used for chondroplasty operate at temperatures exceeding 100°C 12, 13 . Despite the complications associated with thermal energy during capsulorrhaphy or chondroplasty, thermal energy is still commonly used during routine shoulder arthroscopy for débridement and coagulation. However, the actual fluid temperatures that are reached in the glenohumeral joint during these procedures are not known. The purpose of this study was to investigate the effects of flow and duration of treatment with a thermal device on temperatures within cadaveric glenohumeral joint specimens. It was hypothesized that the use of a thermal device during surgery increases the temperature of fluid within the joint to >45°C, which has been shown to cause chondrocyte death.
Materials and Methods
T en fresh-frozen cadaver shoulder joints (six left and four right) were obtained for use in this experiment. All cadaver specimens were harvested in a manner that protected the soft tissues surrounding the shoulder joint. The entire scapula and humerus and all soft-tissue attachments were intact. The average age of the donors at the time of death was seventy-five years (range, sixty-four to eighty years). None of the shoulders had had prior surgery or injury. The shoulders were thawed to room temperature (23°C) in a water bath before use.
Arthroscopy was performed with the shoulder in a simulated beach-chair position, which was obtained by mounting each shoulder with use of a clamp on the scapula. A standard posterior portal to the glenohumeral joint was established with use of a trocar and cannula. The arthroscope was inserted through the posterior portal. An Arthrex Continuous Wave II pump (Arthrex, Naples, Florida) was used with a pressure setting of 30 mm Hg and variable flow. Normal saline solution (0.9%) at room temperature (23°C) was used as the pump irrigant. An anterior portal was established under direct arthroscopic visualization with use of a spinal needle to find the correct entry point just above the subscapularis tendon. All portals were placed through stab incisions in the skin, and care was taken to avoid removing or changing portals once they were placed. Fluid extravasation through portal sites or soft-tissue planes was not encountered during any of the testing trials.
Four custom-built temperature probes (Type-T thermocouple probes; Cannuflow, San Jose, California) were placed under arthroscopic guidance. Three of these probes were placed at the anterior, superior, and posterior margins of the glenoid articular surface with the tip of each probe at the edge of the articular cartilage. A fourth probe was placed in the axillary recess between the inferior articular margin and the capsule overlying the axillary nerve. The shoulder was abducted slightly to allow placement of the axillary probe, and then the shoulder was allowed to return to a fully adducted position for the remainder of the testing. A Mitek VAPR3 radiofrequency system (DePuy Mitek, Raynham, Massachusetts) was used for this study. The radiofrequency probe was inserted into the joint through the anterior cannula and was placed 1 cm inferior to the anterior temperature probe tip at the edge of the glenoid. The radiofrequency probe was used on its default setting (V3-80) for all trials.
Temperatures measured with each of the temperature probes were recorded with use of an Apical multiple-channel type-T thermocouple data-acquisition unit (Apical Instruments, Mountain View, California). This unit records the simultaneous measurements of up to eight temperature probes every 8 msec.
Eight heating trials were performed on each cadaver, with testing of three variables: the method of heating (continuous or intermittent), the pump flow rate (no flow, 50% flow, or 100% flow), and the location of the radiofrequency probe (radiofrequency energy was either applied directly to anterior capsular tissue in a paintbrush pattern or adjacent to the glenoid without tissue contact). For trials with continuous heating, the radiofrequency probe was activated continuously for one minute. For intermittent heating, the radiofrequency probe was turned on for ten seconds and then off for ten seconds, for a total of five on/off cycles. The radiofrequency probe location was varied only by rotating the probe so that its heating surface was either applied to the anterior soft tissue or exposed fully to the fluid within the joint. The flow rate was adjusted by setting the fluid pump to 0, 50%, or 100% for the duration of the trial. After each trial, and before the beginning of the next trial, the pump was set to 100% flow and the joint was irrigated with room-temperature normal saline solution until all probe temperatures returned to the baseline room temperature (23°C). All trials were performed on each cadaver before the investigator moved on to the next specimen to allow consistent temperature probe placement within each shoulder.
The temperature measured by each probe was recorded every ten seconds for the first two minutes of testing and then at thirty-second intervals. Each trial was stopped when all probes recorded room temperature or after a maximum of twenty minutes. The average maximum temperature, the time needed to reach 45°C, and the time needed to cool to below 45°C were calculated for each trial.
Analysis of variance was used to compare the effects of the heating method (intermittent or continuous), flow rate (no flow, 50% flow, or 100% flow), and probe location (directly against capsular tissue or held adjacent to the glenoid without tissue contact). When analysis of variance showed a difference in a specific parameter, the Bonferroni method was used to identify that difference. Significance was set as p < 0.05.
Source of Funding
There was no outside source of funding for this study.
Results

J
oint fluid temperatures of >45°C were seen at some point during every trial regardless of the flow rate or heat setting that was used. In the first three trials, a continuous method of heating was used, without tissue contact, during no flow, 50% flow, and 100% flow (Table I and Fig. 1 ). The average maximum temperature (and standard deviation) was 56.85°C ± 20.21°C (95% confidence interval, 50.4°C to 63.3°C) in the no-flow trial, 37.4°C ± 16.82°C (95% confidence interval, 32.0°C to 42.8°C) in the 50% flow trial, and 32.35°C ± 14.95°C (95% confidence interval, 27.6°C to 37.1°C) in the 100% flow trial. Temperatures in the no-flow trial required an average of 125 ± 49.5 seconds (95% confidence interval, 89.6 to 160.4 seconds) to return to a safe level of <45°C, whereas an average of 16 ± 10.75 seconds (95% confidence interval, 8.3 to 23.7 seconds) was required in the 50% flow trial and an average of 8 ± 4.21 seconds (95% confidence interval, 5.0 to 11.0 seconds) was needed in the 431
100% flow trial. In the trials with continuous heating, the average maximum temperature and the time needed to return to a safe temperature under the no-flow condition were significantly (p < 0.0001) higher and longer, respectively, than they were under either the 50% or the 100% flow condition (Table II) . However, no significant difference in the maximum temperature or in the time needed to return to a safe temperature was found between the 50% and 100% flow trials. In trials 4, 5, and 6, an intermittent method of heating was used, without tissue contact, during no flow, 50% flow, and 100% flow (Table I, Fig. 2 ). The average maximum temperature was 57.75°C ± 20.07°C (95% confidence interval, 51.3°C to 64.2°C) in the no-flow group, 33.65°C ± 14.67°C (95% confidence interval, 29.0°C to 38.3°C) in the 50% flow group, and 33.75°C ± 14.1°C (95% confidence interval, 29.2°C to 38.3°C) in the 100% flow group. Temperatures in the no-flow trial required an average of 156 ± 38.64 seconds (95% confidence interval, 128.2 to 183.6 seconds) to return to a safe level, whereas an average of 9.0 ± 5.68 seconds (95% confidence interval, 4.9 to 13.1 seconds) was required in the 50% flow trial and an average of 9.0 ± 3.16 seconds (95% confidence interval, 6.7 to 11.3 seconds) was required in the 100% flow trial. The maximum temperature and the time needed to return to a safe temperature under the no-flow conditions were significantly (p < 0.0001) higher and longer, respectively, than those with either 50% or 100% flow (Table II) . However, no significant difference in the maximum temperature or in the time needed to return to a safe temperature was found between the 50% and 100% flow trials.
No significant difference between the average maximum temperatures or between the average times needed to return to a safe temperature level was found when we compared continuous heating and intermittent heating, regardless of whether the trial involved no flow (trial 1 compared with trial 4), 50% flow (trial 2 compared with trial 5), or 100% flow (trial 3 compared with trial 6).
When the probe was applied continuously and directly to anterior capsular tissue (Table I, Fig. 3 ), instead of being held adjacent to the glenoid without tissue contact, the average maximum temperature was 46.42°C ± 16.83°C (95% confidence interval, 41.0°C to 51.8°C) with no flow compared with 33.33°C ± 12.05°C (95% confidence interval, 29.47°C to 37.2°C) in the 50% flow trial. Temperatures in the no-flow trial required an average of 122 ± 28.98 seconds (95% confidence interval, 101.3 to 142.7 seconds) to return to a safe level, whereas an average of 9 ± 5.68 seconds (95% confidence interval, 4.9 to 13.1 seconds) was needed in the 50% flow trial.
The average time needed for the temperatures to cool to a safe level in the trials in which the probe had been held adjacent to the glenoid without tissue contact was 140.5 seconds in the no-flow trials, 12.5 seconds in the 50% flow trials, and 8.5 seconds in the 100% flow trial. Summary of temperatures reached during an intermittent method of heating with no flow, 50% flow, and 100% flow and the radiofrequency probe held adjacent to the glenoid without tissue contact (trials 4, 5, and 6).
Discussion
C hondrolysis is a potentially devastating complication following the use of radiofrequency energy. Several experimental studies and case reports have demonstrated the deleterious effects of radiofrequency energy on chondrocyte viability 7, 11, [14] [15] [16] [17] [18] . In all of the trials in the present study, use of a thermal device during shoulder arthroscopy increased the temperature of fluid within the joint to >45°C at some point.
Radiofrequency energy devices are currently available in either monopolar or bipolar form. Both types of devices create a rapidly alternating electromagnetic field, across which charged particles rapidly move, generating heat in the process. In the case of monopolar devices, the field is located between the end of the probe and the ground, which is the tissue; rapid motion and friction within the tissue itself generate the heat. With bipolar devices, the field is between two points on a probe. Both types of devices are commonly used in shoulder arthroscopy, and they both can result in chondrocyte death below the articular surface 16 . However, the depth of penetration appears to be lower with monopolar devices, along with a lower mean temperature at the tip of the probe 11, 16 . The optimal temperature for thermal shoulder capsulorrhaphy has been found to be between 65°C and 75°C 11, 14, 15 . A temperature in this range is necessary to disrupt the intramolecular collagen bonds resulting in tissue degeneration and capsular shrinkage. At these temperatures, however, there is evidence of decreased biomechanical properties within the treated tissues 11, 14 . Cartilage is even more sensitive to heat exposure, with chondrocyte death occurring at temperatures as low as 45°C 11, 14, 15 . Several radiofrequency devices do not have an operating temperature lower than 45°C. Thus, there may not be a safe operating range for these devices.
For our study, we selected a commercially available radiofrequency probe that has been found to have the highest mean operating temperature 13 . Various operating parameters were utilized in the different trials to simulate clinically relevant conditions. Temperatures of joint fluid that are potentially damaging to chondrocytes (>45°C) were seen at some point in every trial, regardless of the flow rate or heat setting that was used. Approximately the same maximum temperature was achieved regardless of whether the device was utilized continuously or intermittently. Although we expected that using the radiofrequency device directly on tissue would act as a heat sink and reduce the temperature of the surrounding fluid, we found no significant difference in the results of the trials in which the device was used directly on tissue and those of the trials in which it was used in the surrounding fluid. While our findings are consistent with the results reported by Lu et al. 19 , they differ from those in a recent study by McKeon et al. 13 , who did not find any temperatures of >45°C in their trials.
One possible explanation for the difference between our study and that by McKeon et al. 13 is the difference in the locations of the temperature probes. In our study, the anterior temperature probe, located 1 cm away from the radiofrequency device, consistently displayed the highest temperatures, whereas McKeon et al. found the highest temperatures 3 mm from the end of the radiofrequency probe. We positioned our temperature probes around the perimeter of the glenoid surface to detect regional differences in temperature that may occur as a result of regional topography of the shoulder.
This study had several limitations. First, the temperature of the cadaver specimens was room temperature, rather than a more physiologic temperature. Normal blood flow in living tissue may also act as a heat sink to reduce intracapsular tem- peratures. Furthermore, the difference in the thermal coefficients between living and cadaveric tissue has not been studied, to our knowledge. Arm position may also have an effect on the temperatures reached in different regions. The axillary probe never reached critical temperatures in any of our trials, but the heat source was only applied anteriorly. It should be noted that, if the radiofrequency probe is used in the axillary pouch, the temperature is likely to be higher, placing the axillary nerve at increased risk for injury 4 . Although the temperatures reached in the joint were high enough to cause chondrocyte death, a causal relationship cannot be established without examining chondrocyte viability. The duration of the exposure is another important factor in determining the impact of elevated temperatures on cartilage. The simulated use of the radiofrequency device in this study may not accurately represent the clinical scenario. In our study, the radiofrequency device remained in the same location in the shoulder throughout a given trial, in contrast to the more widespread or dynamic use in a clinical setting. Despite the limitations of this study, it is still notable that the joint fluid temperature exceeded 45°C in every trial regardless of the flow rate or heat setting that was used. In addition, a reduction in flow from 50% or 100% to no flow resulted in significant increases in the maximum temperature as well as prolonged the time needed for heat dissipation.
We have seen glenohumeral chondrolysis without the use of a radiofrequency device, in cases in which a laser or only a form of thermal ablation was used 20 . If thermal ablation is used to débride areas of synovitis in the glenohumeral joint, there is the potential for additional cartilage injury if the irrigationfluid flow is lost. This study demonstrated that irrigation-fluid flow, rather than whether the energy source is continuous or intermittent, is critical for maintaining lower joint-fluid temperatures. Thus, having a well-placed exit cannula that does not back out should help to protect the joint.
In summary, the use of radiofrequency devices according to the manufacturer's recommendations in situations similar to clinical scenarios can result in exposure of chondrocytes to fluid temperatures that are high enough to cause cell death (>45°C). While this complication is rare, this study emphasizes that care must be taken when using these devices. Precautions should include minimization of direct chondrocyte contact with the probe and maintenance of adequate flow rates. n NOTE: Ted Kucklick from Cannuflow, Inc., provided the custom-built temperature probes and the data-acquisition device for this study.
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